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e have about 10 12 neuronal connections (synapses) in our brain, but how exactly do we remember? Long-lasting, activity-dependent changes in synaptic efficacy are thought to provide the cellular basis for information processing and storage in the brain (1) . The first experimental support for this idea came from the discovery of long-term potentiation (LTP) (2) . LTP is a long-lasting enhancement of excitatory synaptic strength in response to brief high-frequency synaptic stimulation. Because LTP may provide the means for us to learn and remember (3), its molecular and cellular basis has been intensively investigated (4) . However, there has been little consensus regarding the persistent changes in synaptic strength responsible for LTP.
In the mammalian central nervous system, excitatory synaptic transmission is mostly mediated by ionotropic glutamate receptors. There are three classes of these receptors: AMPA, NMDA, and kainatetype (5, 6) . AMPA receptors (AMPA-Rs) mediate fast ongoing synaptic transmission in response to presynaptic glutamate release. Activation of NMDA receptors (NMDA-Rs) requires both presynaptic neurotransmitter release and postsynaptic depolarization. This results in Ca 2+ influx, activation of signaling pathways such as the Ca 2+ -calmodulin-dependent protein kinase II (CaMKII) pathway, and long-lasting changes in synaptic strength, predominantly in AMPA-R-mediated transmission as exemplified by LTP.
How do synapses get stronger after LTP? One way is through the rapid delivery of AMPA-Rs to synapses. To directly test this hypothesis, I monitored the distribution of AMPA-Rs at high resolution in living neurons over time (7) . First, I fused green fluorescent protein (GFP) to the extracellular amino terminus of GluR1, one of the subunits of the AMPA-R. I then expressed the recombinant GluR1-GFP receptor in organotypic hippocampal slice cultures (8) using Sindbis virus, and examined the distribution of fluorescent recombinant receptors by two-photon laser scanning microscopy (9) . Surprisingly, although GluR1-GFP was located throughout the dendritic trees of CA1 pyramidal neurons, very little (<1%) appeared in dendritic spines where most excitatory synapses are located.
Could LTP induction cause a redistribution of GluR1-GFP to dendritic spines (synapses)? I placed a stimulation electrode close to the fluorescent dendrites expressing GluR1-GFP and delivered a tetanic stimulation, which induces robust LTP in these neurons. Interestingly, GluR1-GFP rapidly redistributed in the dendrites, with some fluorescent receptors traveling into dendritic spines. These results demonstrate that AMPA-Rs can be rapidly recruited to spines in response to LTP induction (7).
Next, I asked whether the receptors that had redistributed to spines after LTP induction were actually participating in synaptic transmission. To address this question, I developed an electrophysiological "tag" for recombinant AMPA-Rs (10) so that I could monitor the function of synaptic receptors.
There are four different AMPA-R subunits: GluR1 to GluR4 (5, 6) . GluR2 has an Arg in the channel pore region instead of the Gln present in GluR1, GluR3, and GluR4. This single amino acid difference determines the current-voltage (I-V) relation of the receptor (the direction of ion flow at a given voltage) (11) . As a consequence, AMPA-Rs containing a GluR2 subunit allow ion flow into or out of the cell, depending on the cell's membrane voltage. In contrast, AMPARs lacking the GluR2 subunit only allow ion flow into, but not out of, the cell. Most endogenous AMPA-Rs in the hippocampus contain GluR2 (12) . When I overexpressed GluR1-GFP in neurons, homomeric AMPA-Rs exclusively composed of the same receptor subunit, GluR1, were formed. In the absence of GluR2, the fate of this recombinant receptor could be assayed electrophysiologically. Synaptic delivery of the homomeric recombinant AMPA-R resulted in altered synaptic transmission (inwardly rectified) as measured with wholecell patch-clamp recording.
With this electrophysiological assay, I showed that recombinant AMPA-Rs were delivered to synapses by LTP induction (10) . Consistent with the established role of CaMKII as a necessary and sufficient mediator of LTP, coexpression of constitutively active CaMKII with GluR1-GFP also resulted in synaptic delivery of the recombinant receptors. Interestingly, this process was not dependent on the phosphorylation of GluR1 at Ser 831 by CaMKII (13), but was dependent on the interaction between the GluR1 carboxyl terminus and PDZ domain proteins. Mutation of the PDZ binding site of GluR1 blocked its synaptic delivery and the expression of LTP. These data provide strong evidence that postsynaptic delivery of AMPA-Rs is the primary mechanism underlying LTP and begin to reveal a detailed molecular flow chart for this process.
I also examined the synaptic trafficking of other AMPA-Rs (14) . Depending on the subunit composition of the receptor, there CREDIT: CARIN CAIN 
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Two synaptic delivery pathways for AMPARs. Both pathways depend on the subunit composition of AMPA-Rs. To establish plasticity, GluR1/GluR2 heteromers are delivered to synapses to potentiate synaptic transmission. To maintain synaptic transmission, GluR2/GluR3 heteromers replace existing synaptic AMPA-Rs independent of neuronal activity. 64  63  62  61  60  59  58  57  56  55  54  53  52  51  50  49  48  47  46  45  44  43  42  41  40  39  38  37  36  35  34  33  32  31  30  29  28  27  26  25  24  23  22  21  20  19  18  17  16  15  14  13  12  11  10  9  8  7  6  5  4  3  2  1 were two different AMPA-R synaptic delivery mechanisms. Potentiation of synaptic transmission required delivery of AMPA-Rs containing GluR1 and CaMKII to synapses, whereas maintenance of synaptic transmission required that AMPA-Rs containing GluR2 be constitutively exchanged with existing synaptic AMPA-Rs. Such rules were also validated for the heteromeric AMPA-Rs (containing a mixture of subunits) normally found in CA1 neurons (see the figure) .
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These data lead to a compelling model. Synaptic transmission is maintained at a given level by recycling of a relatively constant number of GluR2-containing AMPA-Rs at the synapse. Plasticity-inducing stimuli initially cause a net addition of GluR1-containing AMPA-Rs, which may eventually be replaced by GluR2-containing AMPA-Rs, resulting in a long-lasting increase in synaptic transmission (14) . This two-pathway delivery model also addresses an important signal transduction problem in cell biology: How is an appropriate number of cell surface receptors established and maintained? Other signal transduction pathways could also have two mechanisms for receptor delivery: one responding to external cues and regulating the number of receptors, and the other replacing existing surface receptors, thus maintaining a steady-state number of receptors at the cell surface.
Our work on the synaptic trafficking of AMPA-Rs provides critical insights into synaptic plasticity and stability. To gain an even more detailed understanding of synaptic plasticity, we need to determine the molecules that mediate and modulate these two modes of AMPA-R synaptic delivery. Importantly, these studies attempt to define the molecular signature of synaptic plasticity so that we can discover when and where this process occurs in the brain during behavioral modification. Thus, we may eventually be able to answer the question, how do we remember? 
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